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ABSTRACT
Motivation: Growing evidence demonstrates that local
well-ordered structures are closely correlated with cis-
acting elements in the post-transcriptional regulation of
gene expression. The prediction of a well-ordered folding
sequence (WFS) in genomic sequences is very helpful in
the determination of local RNA elements with structure-
dependent functions in mRNAs.
Results: In this study, the quality of local WFS is assessed
by the energy difference (Ediff) between the free energies
of the global minimal structure folded in the segment and
its corresponding optimal restrained structure (ORS). The
ORS is an optimal structure under the condition in which
none of the base-pairs in the global minimal structure is
allowed to form. Those WFSs in HIV-1 mRNA, various
ferritin mRNAs and genomic sequences containing let-7
RNA gene were searched by a novel method, ed scan.
Our results indicate that the detected WFSs are coincident
with known Rev response element in HIV-1 mRNA, iron-
responsive elements in ferritin mRNAs and small let-7
RNAs in Caenorhabditis elegans, Caenorhabditis briggsae and
Drosophila melanogaster genomic sequences. Statistical
significance of the WFS is addressed by a quantitative
measure Zscre that is a z-score of Ediff and extensive
random simulations. We suggest that WFSs with high
statistical significance have structural roles involving their
sequence information.
Availability: The source code of ed scan is available via
anonymous ftp as ftp://ftp.ncifcrf.gov/pub/users/shuyun/
scan/ed scan.tar.
Contact: shuyun@orleans.ncifcrf.gov

INTRODUCTION

RNA andDNA areconformationallypolymorphicmole-
cules. Numerousexperimentalresults have shown that

∗To whomcorrespondenceshouldbeaddressed.

RNAs perform a wide rangeof functions in biological
systems.Though single-strandedregions exist in most
RNAs, local well-orderedstructuresin RNA sequences
correlateclosely with functions such as the control of
replication, mRNA processing,metabolismand trans-
lation (Simonsand Grunberg-Manago,1998; Gray and
Wickens,1998; Bashirullahet al., 1998). It hasbecome
clearthattheinteractionsbetweenRNA andRNA, aswell
asRNA andproteinplay a crucial role in the regulatory
control. Knowledge of the conformationof local RNA
structuresis essentialfor our understandingof the regu-
latory mechanisms.Thereforefunctional predictionfor
distinctfolding patternsin sequencesis animportantgoal
of genomic sequenceanalysis.Computationalsearches
for potential, functional structuredelementsin genomic
sequencesarehighly desirablein thepost-genomicera.

Previousstudies(Le et al., 1990a;Daytonet al., 1992;
Forsdyke, 1995; Patzel and Sczakiel, 1997) suggested
that structured, functional RNA elementswere often
thermodynamicallymore stable than those that would
be anticipatedfor equivalent randomsequences.In the
studyof RNA folding energy landscapes,ChenandDill
(2000) indicated that RNA folding energy landscapes
mightbequitebumpy andrugged.TheRNA folding often
involvescomplex intermediatestatesandmayhave many
low energy states.It is also true that some functional
RNA molecules,such as tRNA and RNaseP RNA are
often not representedby the most thermodynamically
stable RNA folding. Recently, Rivas and Eddy (2000)
suggestedthat the stability of some non-codingRNA
secondarystructureswas not sufficiently different from
the predictedstability of randomsequences.It hasbeen
shown that some distinct loop sequencesand specific
combinationsof basepairingsin stem-loopsarefunctional
RNA structuralmotifs (HermannandPatel, 1999).Thus,
functionalstructuralRNA moleculespossesswell-ordered
conformationsthatareboththermodynamicallystableand
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uniquelyfolded(Draper,1996;Schulteset al., 1999).
In this study, we searchfor thesewell-orderedfolding

sequences(WFS)by a newly developedmethod,ed scan.
We usea quantitative measure,Ediff , to characterizethe
thermodynamicstability and well-orderedconformation
of a localRNA secondarystructure.Ediff is thedifference
of freeenergiesbetweentheglobalminimal energy struc-
ture and its correspondingoptimal restrainedstructure
(ORS). We further introducea standardz-score, Zscre
to analyzeEdiff of local segmentsin a long sequence.
ComputedWFSs in HIV-1 and ferritin mRNAs with
Zscre significantly different from the bulk distribution
correlatewith previously known Rev responsive elements
(RRE) in the HIV-1 (Malim et al., 1989) and iron-
responsive elements(IRE) in humanand other species
(Hentzeet al., 1988).Using ed scan,we also find let-7
RNA genes(Pasquinelli et al., 2000) in the sequences
of Caenorhabditis elegans (C.elegans), Caenorhabditis
briggsae (C.briggsae), and Drosophila melanogaster
(D.melanogaster). Statisticalsignificanceof the detected
WFS is assessedby random simulations. Our results
show that statisticalextremesdetectedin the wild-type
sequencescorrelatewith functionalRNA elementsandare
not expectedto occurby chance.Themethodis generally
suitable to search for potential, structured functional
elementsin agenomicsequence.

SYSTEMS AND METHODS
In RNA folding, energies involved in the formation
of secondarystructureare greater than those involved
in tertiary interactions(Tinoco and Bustamante,1999).
The energetic contributionsof the secondaryandtertiary
structural elementsin RNA are also separable.In this
study, we computethe lowestfree energy of folded local
RNA segmentsby a dynamic programmingalgorithm
(Zuker, 1989) and Turner energy rules (Mathews et al.,
1999).ThemeasureEdiff of asegmentis definedas:

Ediff = E f − E

where E is the lowest free energy of the local folded
segment,E f is alsothelowestfreeenergy of theORSthat
is computedunderthe condition in which all base-pairs
formed in the global minimal structureare prohibited.
Consequently, themeasureEdiff signifiesthestability and
uniquenessof thepredictedRNA secondarystructurefrom
the local segment.The greaterthe Ediff of the segment
is, the more well-orderedthe folded RNA structureis
expectedto be. To further analyzeEdiff we introducea
standardizedmeasureZscre

Zscre = (Ediff − Ediff(w))/stdw

where Ediff(w) and stdw are the mean and standard
deviation, respectively, of the Ediff scorescomputedby

slidingafixed-lengthwindow in stepsof afew nucleotides
(nt) from 5′ to 3′ alongthesequence.

In searchingfor distinct WFSsin a sequencethe fol-
lowing stepsaregenerallyemployed.(i) Zscre valuesare
computedby sliding a window with a propersize,for in-
stance100nt, alongthesequence.Thepotentialinterest-
ing regionswith high Zscre arechosenbasedon thepro-
file of Zscre in the sequence.(ii) The preciselocations
of thosepotentialtargetsin which the folded structureis
highly well-orderedareinferredby anextendedsearchin
the regions determinedfrom the step1. In the extended
search,thewindow sizeis systematicallychangedwith a
rangeof sizes(e.g.60–300)andthemaximaof Zscre are
extractedto determinetheoptimizedWFS.If themethod
is appliedto single-strandedDNA sequences,the folding
energy parametersderived from experimentalthermody-
namicdata ofDNA (SantaLucia,1998)areusedto com-
putethelowestfreeenergy of a foldedDNA fragment.

Thecomputerprogramed scanis designedto calculate
the score Zscre of a local segment in a sequence.The
programis basedon thedynamicprogrammingalgorithm
(Zuker, 1989; Mathews et al., 1999) and implemented
in Fortran 90 running on Unix. The programhas been
testedandusedonaCompaq/DECAlpha8400/625EV56
platform,SGI/OctaneandSGI/Onyx platform with IRIX
6.5. All statisticalanalysesfor our datawere performed
in this study usingthe StatisticsToolbox of MATLAB
softwarepackage(http://www.mathworks.com).

RESULTS AND DISCUSSION
WFS patternsarecloselyassociatedwith the
reported functional RNA elementsin human
immunodeficiencyvirus
The outline landscapeof the distribution for WFSs in
the mRNA sequenceof HIV-1 isolate BRU (Accession
number:K02013) was madeby computingZscre using
a window of 100 nt. In the computation,the window
was first set at the 5′ endof the sequenceand then was
moved by 5 nt in eachtime until it reachedto the 3′ end
of the sequence.For the Zscre data only five domains
(labeledby peaksA–E) whose Zscre valuesare equal
to or greaterthan 3.5 (Figure 1). The domainsA and E
are scatteredin the both 5′ and 3′ non-codingregions,
and the domainB is locatedat the gag-poloverlapping
region. The domainC is locatedat the envelopecoding
region just 50 nt downstreamfrom the cleavagesite of
the outer membraneprotein (OMP) and transmembrane
protein(TMP). DomainD, centeredat theposition8746,
is located at the coding region of nef protein. Except
the peak D, the other four peaksare closely correlated
with known functionalRNA elementsin HIV-1, suchas
trans-activation response(TAR) andRRE andcis-acting
elementof theregulationof gag-polframeshifting.
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Fig. 1. Zscre of the energy differenceof the lowest free energies
betweentheoptimizedandcorrespondingoptimal restrainedstruc-
tureof a localsegmentin thecompleteHIV-1 (isolateBRU) mRNA
sequence.Theplot wasproducedby plotting Zscre of a100nt seg-
ment againstthe position of the middle basein the segmentas it
was moved successively by fivent from 5′ to 3′ alongthesequence.
Well-orderedfolding regionsarelabeledby lettersA–E.

The optimizedboundariesof theseregions are further
delimited by an extensive search.For the region corre-
spondingto the RRE elementwe set the searchdomain
from position6501to position8500centeredon theposi-
tion of peakC. This domainincludes∼ 850 nt upstream
and∼ 1150nt downstreamfrom the cleavagesite of the
OMP/TMP for the HIV-1 (BRU) mRNA. The sizeof the
scanningwindow is systematicallychangedfrom 80 to
350nt by a stepof 10 nt, alongwith 370,390and236nt.
For eachfixed-lengthwindow, thescoreZscre was com-
putedby sliding thewindow in stepsof 5 nt from 5′ to 3′

alongthesequence.Ourresultsindicatethatthereareonly
5 maximal Zscre (� 5.0) that aredetectedby five win-
dows of 160, 170, 236,240 and340 nt, respectively (de-
taileddataseeftp://ftp.ncifcrf.gov/pub/users/shuyun/scan/
Supp/hivbru w80-390.ps).They correspondto segments
7391–7550(Zscre = 5.11), 7391–7560(Zscre = 5.38),
7361–7596(Zscre = 5.22), 7361–7600(Zscre = 5.08)
and 7311–7650(Zscre = 5.01). It is clear that all five
WFSsareoverlappedandcoincidewith theknown HIV-1
RREelement(Malim et al., 1989;Le et al., 1990a;Mann
et al., 1994).TheWFS of region 7361–7596detectedby
the window of 236 nt is completelycoincidentwith the
RRE determinedby mutagenesisexperiments(Malim et
al., 1989).

Statisticsof Zscre in human immunodeficiency
virus
Statistical analysis indicatesthat the Zscre data show
asymmetrywith samplemean,m = 0, samplestandard
deviation, std = 1.0. Thedistribution of Zscre is skewed
toward the positive direction and is not well fitted by a
normaldistribution. For example,thesamplecoefficients
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Fig. 2. RelationshipsbetweenGC compositionand Zscre of local
segmentsof 236ntcomputedin wild typesequenceof HIV-1mRNA
(top)and30 randomlyshuffledsequences(bottom)of thewild type
sequence.Zscre valueswerecomputedby moving a236-ntwindow
in stepsof 5 nt from 5′ to 3′ alongthe sequences.The significant
WFS 7361–7596(Zscre = 5.33, the maximalscoreasasterisked
in theplot) is apparentlyseparatedfrom thebulk distribution in the
wild typesequence.

of skewness(k) is 0.985 for the data Zscre computed
by sliding the window of 236 nt along the complete
HIV-1 (BRU) mRNA. Theobserveddistribution of Zscre
rangedfrom −1.74 to 5.33, and the distribution of GC
compositionrangedfrom 0.31 to 0.58. It is evident that
there is no Zscre that is apparentlyseparatedfrom the
bulk distribution in the negative direction.However, the
WFS 7361–7596(Zscre = 5.33) is clearly separated
from thebulk distribution in thepositive direction,andis
statisticallysignificant(seethetopof Figure2).

In order to evaluatethe statisticalsignificanceof the
distinct WFS we performedan extensive computational
experimentfor 30 randomlyshuffled sequencesof HIV-
1 (BRU) mRNA. It was important that randomizations
weredoneby shuffling sothatthesamebasecomposition
and length as the wild type sequencewere maintained.
The Zscre valuesof local segmentswere computedby
slidingawindow of 236nt alongthe30randomsequences
usingthesameparametersasmentionedabove. In random
tests,the total lengthof randomsequenceswere276 870
nt and we had 53 970observationsof Zscre. The mean
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and standarddeviation for eachsamplewere zero and
1.0,respectively. Zscre scoresrangedfrom −2.13to 4.72.
Therewere 103 or 22 observationswhoseZscre values
weregreaterthan3.5or 4.0in 53 970observations.Only 4
outof total53 970observationsof Zscre weregreaterthan
4.50. The observed probabilitiesof WFS with Zscre �

4.0, 3.5, 3.0 and2.5 arelessthan0.0004, 0.0019,0.0066
and 0.0172 in the random test, respectively. From the
randomtestwe show that the WFS 7361–7596detected
in HIV-1(BRU) mRNA is statisticallysignificantandcan
notbeexpectedbychance,reinforcingtheobservationthat
high Zscre representsawell-orderedconformation.

RelationshipsbetweenGC compositionsand Zscre
of the local segments computed in the HIV-1(BRU)
mRNA and 30 correspondingrandom sequenceswere
summarizedandshown in Figure2. ThesignificantWFS
can be apparentlyseparatedfrom the bulk distribution
in the positive direction and is not sensitive to the
GC compositionof the local segment. Fragmentswith
differentGCcompositionsrangingfrom 0.32to 0.55have
similar Zscre, providing evidencethat Zscre valuesare
not sensitively affectedby GC compositions.

WFSsarecoincidentwith the reported IRE found
in ferritin mRNAs
Ferritin biosynthesisis regulated translationally by a
conservedtranslationalregulatorysequencein themRNA
5′- untranslatedregion (5′-UTR) calledtheIRE. TheIRE
hasbeendemonstratedto function by forming a distinct
stem-loop structure including a conserved bulge and
hairpin loop (Hentzeet al., 1988).RNA folding studies
of the IREs have shown that the computedsecondary
structuresareonly moderatelystablein general(Hentze
et al., 1988). Using the previously developed methods
SEGFOLDandSIGSTB(Le et al., 1990b)we observed
thatthecomputedsignificancescoresof mostof theseIRE
segmentsof 24 ferritin mRNAs from humanand other
specieswerenot sufficiently morestablethanthosefrom
correspondingrandomsequences.Thus,the known IREs
cannot bereliably detectedin mostof 24 ferritin mRNAs
based on the quantitative measureof thermodynamic
stabilityonly (Table1).

With the new measureZscre, we searchedfor IRE of
the24 ferritin mRNAs by ed scan.In thecomputationthe
sizeof the scanningwindow wassystematicallychanged
from 25 to 80 nt by increasing5 nt eachtime. Zscre
valueswerecomputedby sliding thesewindows in steps
of one nt from 5′ to 3′ along the sequence.The WFSs
detectedin the 5′UTR of 24 variousferritin mRNAs are
summarizedin Table1. Most of theseWFSpatternshave
high Zscre values (> 3.0). All WFSslisted in Table 1
includea commonstructuralcoreof theIRE thatconsists
a small hairpin structureof 23 nt with a conserved bulge
andhairpinloops(Hentzeet al., 1988).

We selectarbitrarily onesequence,humanferritin light
chain,from 24ferritin mRNAsto performarandomtestas
mentionedabove. Usingawindow of 60 nt wehad24 570
observations of Zscre for the thirty correspondingran-
domly shuffled sequences.The observed probabilitiesof
WFSswith Zscre � 2.5, 3.0, 3.5 and3.7are0.024, 0.009,
0.004, and 0.002, respectively in the randomtest. The
Zscre value oftheWFSin thenaturalsequenceof human
ferritin light chainis 3.77.Thehigh Zscre valuesignifies
the uniquenessof the morphology of the folded IRE
structureandit cannotbeexpectedto occurby chance.

let-7 RNA and its WFS patterns
Small let-7 RNA (∼21 nt) can regulate thedevelop-
mental timing of Caenorhabditis elegans (C.elegans)
and the 21-nt let-7 RNA of C.elegans can be folded
to a well-ordered stem-loop structure with a nearby
sequence(Pasquinelliet al., 2000). Using the structural
characterof the small temporal RNA we search for
WFS in the genomic sequencescontaining let-7 RNA
geneof C.elegans (accessionno. AF274345),C.briggsae
(accessionno. AF210771) and D.melanogaster (acces-
sion no. AE003659).D.melanogaster sequencecontains
260 897nt, of which theregion54 361–56 700was used.

We first selectedC.elegans asa testsequenceandused
a set of windows from 60 to 95 nt by a step of 5 nt.
Zscre valueswere computedby moving thesewindows
in stepsof 3 nt from 5′ to 3′ along the sequence.Our
resultsaredisplayedin Figure3. In this extensive search
we detected7 WFSsby seven windows from 65 to 95 nt.
The WFSs (Zscre � 6.31) are segments1762–1826,
1759–1828, 1756–1830, 1756–1835, 1753–1837,1750–
1839and1747–1841.They all occurredin thecoincident
locationsandincludedthe21-nt let-7 RNA (1763–1783).
Theglobalmaximum(7.74)of Zscre valueswasachieved
by thefixed-lengthwindow of 75 nt in thesegment1756–
1830.Similarly, we alsodetectedthe WFS relatedto the
let-7 RNA genein C.briggsae and D.melanogaster. The
distribution of Zscre scorescomputedby a window of
75 nt for the threelet-7 RNA generegion sequencesare
shown in Figure 4. The WFSs are segment 1882–1956
in C.briggsae and54 910–54 984in D.melanogaster, and
their locationsof let-7 RNAs are1888–1908and54909-
54929, respectively. Both WFSs include the let-7 RNA
and the correspondingZscre valuesare 6.22 and 4.99,
respectively.

Figure5 graphicallydisplaysthe observed distribution
of the Zscre scorescomputedin thewild type(C.elegans)
sequenceand 30 randomly shuffled sequenceswith
the same base composition and sequencelength. The
distinct WFS 1756–1830(Zscre = 7.74) canbe clearly
distinguished from the bulk distribution. The Zscre
rangedfrom −1.37 to 5.93 in the 30 randomsequences
that include23 880observationsof Zscre in the random
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Table1. Functionalstructuralcoreof iron regulatoryelements(IRE) andcorrespondingWFSsdeterminedin ferritin mRNAs

Ferritin Accession mRNA 5′-UTR Region WFS
mRNA No. Length Size of IRE Region Zscr Sigscr

(bp) (bp) Core

HumanH-chain L20941 1198 208 31–58 17–71 3.37 −1.90
HumanL-chain BC004245 878 188 17–43 1–60 3.77 −3.22
RatL-chain J02741 898 200 32–58 10–74 4.29 −2.11
MouseH-chain NM 010239 866 167 30–57 21–65 5.39 −1.98
MouseL-chain BC019840 918 187 11–41 1–50 1.51 0.03
HamsterH-chain M99692 843 139 8–35 1–45 3.09 −1.08
PigH-chain D15071 821 112 14–41 6–50 2.85 −1.56
GuineaPigH-chain AB073371 1053 126 6–33 2–41 2.92 0.98
Dog AF285177 816 181 3–32 10–39 2.12 0.18
ChickenH-chain Y14698 905 151 31–62 12–81 6.29 −1.74
Bullfrog H-chain M12120 854 141 24–53 9–68 2.89 −1.75
Xenopus S64727 1388 629 502–531 489–548 4.94 −2.00
Crayfish X90566 1013 141 10–37 9–38 2.57 0.37
SalmonM-chain S77386 1010 191 27–58 1–60 3.26 −1.88
SalmonH-chain AF338763 971 197 11–40 8–47 2.30 −1.10
Rainbow troutH1-chain D86625 908 168 5–36 1–45 2.31 −1.57
ZebrafishH-chain AF295373 1062 214 9–32 4-38 2.54 −0.71
Moth L-chain AF142340 1353 176 63–89 61–95 4.46 −2.21
ButterflyG AF161710 1330 209 103–129 93–142 5.88 −3.13
ButterflyS AF161708 1212 211 96–126 93–127 5.12 −2.88
D.melangaster Y15629 1357 328 151–177 150–179 4.73 −1.79
N.lugens AJ251148 1853 261 136–162 134–163 5.41 −2.31
Mosquito L37082 1257 203 85–111 82–116 4.78 −1.92
M.sexta L47123 1227 134 42–68 34–78 5.29 −2.35

Thelocationof known IRE corein eachsequenceis listedin column5. Zscre listedin theseventhcolumnwas computedfrom theoptimizedwindow whose
sizethatwasdeterminedby anextensivesearchin which thewindow sizewas systematicallychangedfrom 25 to 80nt in stepsof 5 nt (detailsseetext).
Regionsof thebestZscre in the5′UTR arelistedin column6. Significancescores(Sigscr)listedin theeighthcolumnwerecomputedby programSIGSTB
(Le et al., 1990b).Sigscris alsoastandardz-scoreandcomputedby Sigscr = (E − Er )/stdr , whereE is thelowestfreeenergy computedfrom a local
segmentin thesequence.Er is thesamplemeanandstdr is thesamplestandarddeviationof thelowestfreeenergiescomputedfrom folding 100randomly
shuffledsegmentsof thesamesizeandsamebasecompositionasthelocal segment.In computingSigscrwescannedthesamewindow with sameparameters
thatwereusedin computingZscre. In general,a local segmentwith Sigscr < −3.0 isconsideredto be anunusualfolding regionwhosethermodynamic
stability is significantlymorestablethanthatby chance (LeandMaizel,1989;Le et al., 1990b)

sequenceof 73 800nt. Only 6 out of 23 880observations
of Zscre aregreaterthan4.99.Theobservedprobabilities
of WFS with Zscre � 4.0, 3.5, 3.0 and 2.5 are less
than 0.003, 0.006,0.013 and 0.026 in the randomtest,
respectively. Also, our randomtestsindicate that Zscre

is not closely dependenton the GC compositionof the
segmentasshown in Figure5.

Our resultsstrongly suggestthat the WFS detectedin
C.elegans is statisticallysignificantandthe well-ordered
structurecan not be expectedby chance.We get a sim-
ilar conclusionfrom the randomtestsfor 30 randomly
shuffled sequencesof C.briggsae. Our data show that
the Zscre scoresare rangedfrom −1.03 to 5.01. There
is no WFS with Zscre � 5.1 in the randomsequences.
Only 2 out of 21 930observationsof Zscre areequalto
or greaterthan4.99.Thetestfor 30 randomsequencesof
D.melanogaster shows that10 out of 22 680observations
of Zscre in the randomsequencesof 70 200nt areequal

to or greaterthan4.99.The observed probability of such
distinct WFS with Zscre � 4.99 is small and about
0.0004in therandomtest.

Draper(1996) hassuggestedthat RNA functionalele-
mentswhosefolded structureconformationplays a cru-
cial role are known to possessa specificstructuralfea-
ture that is both thermodynamicallystableand uniquely
folded. In this study the conformationalproperty in the
RNA secondarystructureis measuredby thequantitative
score,Zscre, that is determinedbasedon the considera-
tionof boththermodynamicstabilityanduniquenessof the
minimal free energy structure.Our computationalresults
show thatWFSswith high Zscre arecoincidentwith the
reportedfunctionalstructureRNA elementsin our tested
examplesand are unlikely to occur by chance.Statisti-
cal extremeswith high Zscre values determinedby our
methodrepresentsuchsignificantfolding segmentswhere
predictedstructuresareexpectedto bewell-ordered.
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Fig. 3. A 3D plot of Zscre, the start position of a local segment
andthewindow size.TheZscre valueswerecomputedby moving a
fixed-lengthwindow in stepsof 3 nt from 5′ to 3′ alongthesequence
of C.elegans let-7 RNA generegion.In thecomputation,thewindow
sizewas systematicallychangedfrom 60 to 95 nt by a stepof 5 nt.
ThemaximumZscre (= 7.74) correspondsto theWFS1756–1830
thatwas detectedby awindow of 75 nt andmarkedin theplot.

It has beenreportedthat ‘well-determined’ structural
domainsof ribosomalRNAs can be predictedand ob-
served in ‘energy dot plots’ (Zuker andJacobson,1995).
Recently, Schulteset al. (1999) proposedquantitative
measuresto estimatethestability anduniquenessof RNA
secondarystructuresbasedon the meanlength of stems
and total number of basepairs in the predictedRNA
secondarystructuresfrom RNAfold (Zuker andSteigler,
1981) and/or VIENNA (Hofacker et al., 1994). The
distinct conformationin the structurewas not considered
throughly in their methods.We previously reported a
computationalmethod to discover structuredelements
in mRNA sequences(Le and Maizel, 1989; Le et al.,
1990b).TheprogramSEGFOLDandits modifiedversion
SIGSTB are used to explore a sequenceby choosing
successive segmentsof an mRNA and comparing the
energy differencecomputedbetweenthenaturalsequence
andanumberof randomlyshuffledsequencesof thesame
length and basecomposition.Simultaneously, we also
comparethe lowest free energy of each segment with
the averageenergy of all segmentsof samesize in the
RNA sequence.The quantitative measures,significance
and stability scores(Sigscr and Stbscr) used in SEG-
FOLD and SIGSTB are basedon the thermodynamic
stability only. The new method puts our emphasison
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Fig. 4. Zscre distributions of the three genomic sequencesof
C.elegans (top),C.briggsae (middle)andD.melanogaster (bottom).
Eachplot wasproducedby plotting Zscre againstthepositionof the
middlebasein thewindow of 75 nt. ThedetectedWFSsincluding
the 21-nt let-7 RNA areasterisked. In the plot of D.melanogaster,
thesequenceposition54361is numberedasposition1.

the uniquenessof the morphology of the folded RNA
secondarystructure. In general both methodsprovide
similar resultsfor the discovery of the ‘well-determined’
structureswith high stability aswe observed in the case
of HIV-1 mRNA. But our computationalexperiment
indicatesthat thewell-orderedstructureof ferritin IRE is
only moderatelystable.The methodsof SEGFOLDand
SIGSTBfail to discover the distinct IRE for mostof 24
ferritin mRNAs. However, the functional IRE elements
canbe detectedby our new methoded scan.The results
presentedin this paperdemonstratethat the uniqueness
of the folded RNA structuresis representedby the new
measureZscre. However, it should be noted that the
comparisonof thermodynamicstability usedin ed scan
are limited. In the comparison,we consideronly two
extremecasesof the lowest free energy structureandits
correspondingORS.This is not sufficient to characterize
all distinct conformationsfor the naturalstructure.Also,
this methoddoesnot detectthe classof RNA sequences
where the minimal energy of predictedstructurein the
natural sequenceis less stable than its corresponding
random structures.SEGFOLD and SIGSTB are able
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Fig. 5. RelationshipsbetweenGC compositionand Zscre of local
segmentsof 75 nt computedin wild type sequenceof C.elegans
(top)andits 30randomlyshuffledsequences(bottom).Zscre values
werecomputedby moving a 75-ntwindow in stepsof 3 nt from 5′

to 3′ alongthesequences.TheWFSwith high Zscre is apparently
separatedfrom thebulk distribution in thepositivedirection.

to find suchfeatures(Le et al., 1989) and thus provide
valuable complementarytools to ed scan.Nevertheless
our methodis helpful in the determinationof local RNA
elementswith structure-dependentfunctionsin mRNAs.
This is especiallyapplicableto knowledgediscovery in
thepost-genomicage.

CONCLUSION
We have proposeda computationalmethodto searchfor
the local WFSwith high Zscre in a nucleotidesequence.
The WFS is measuredby the differenceof free energies
between the optimized and its correspondingORS.
Our computationalexperimentsfor native and random
sequencesof HIV-1 mRNA, 24 ferritin mRNAs andthree
let-7 RNA generegion sequencesshow that theproposed
Zscre is a good measureto estimatequantitatively the
significanceof the well-orderedconformationfor local
RNA structures in the sequence.Our results indicate
that significantWFSsare distinguishablefrom the bulk
distribution and are closely associatedwith the known
functional RRE, IRE and small temporal let-7 RNA.
Our methodis helpful in the determinationof potential

functionalelementswith structuredependentfunctionsin
nucleicacidsequences.
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